Even though there have been many efforts to develop carbon nanotube (CNT)-based electronic devices and sensors, drastic variation of the electronic functions depending on fabrication process has been reported. The authors have also validated the possibility of a highly sensitive strain sensor using various resins in which multi-walled CNTs (MWNTs) were dispersed uniformly, however, the strain sensitivity of the developed sensors fluctuated significantly. Therefore, it is indispensable for clarifying the dominant factors which change the electronic state of a deformed CNT for assuring the stable performance of the devices. In this study, the relationship between the deformation characteristic of a CNT under strain and its electronic properties was analyzed by using molecular dynamics analysis and the first principle calculation based on density functional theory (DFT). Orbital hybridization were found to occur when the local curvature exceeded about 0.3 Å −1 , inducing the decrease in the band gap.
Introduction
Both the maintenance and improvement of the secure and reliable society of human beings are key issues in the 21st century. In particular, on-line monitoring of the applied load in social infrastructures such as energy power plants and transportation systems under operation is demanded strongly because many systems have become complicated and highly aged. To assure the mechanical reliability of these systems, it is very important to measure stress and strain fields in them. However, it is hard to measure the actual stress and strain fields under operation because the major components that determine the life of the systems stay deeply in the systems. In addition, some of them rotate at high speed. Therefore, non-contact stress/strain measurement methods are indispensable for monitoring the applied loads.
Recently, physical and chemical properties of CNTs have been investigated in detail by quite a few researchers all over the world, and their superior characteristics have been made clear theoretically and experimentally (1) - (4) . Both the electronic and mechanical properties of CNTs are better than conventionally used metals (5) - (7) and their specific weight is rather light. In addition, they are deformed easily (7) and stable chemically. If the resistivity of CNTs changes drastically comparing with metals or semiconductors, it is possible, therefore to develop a highly sensitive strain sensor (8) - (10) .
Thus, the authors have proposed a new highly sensitive strain sensor using various resins in which CNTs are dispersed uniformly (11) . It is easy to make a cheap, flexible and stable sensor by using the CNT-dispersed resin. The measured gauge factors were 400 under tensile strain and 150 under compressive strain, respectively. These values were about a hundred Deformation Velocity -2.0 m/s times higher than that of conventional metallic strain gauges. So, the possibility of highly sensitive strain measurement was validated. However, there was large fluctuation of the measured gauge factors among test samples. Thus, it is very important to clarify the mechanism of the fluctuation of the sensitivity of the strain sensors using CNTs. Both a molecular dynamics analysis and the DFT were applied, in order to discuss the relationship between the deformation of a CNT and its electronic conductivity. In this study, various CNT structures were modeled for the analyses. The change of the electronic band structure of CNTs under uniaxial strain was analyzed by applying the first principle calculation based on DFT.
Deformation Analysis of CNTs
It is well known that the resistance of CNTs changes drastically under uni-axial strain (12) - (16) . Stampfer et al. showed large gauge factors of about 2900 experimentally (17) , where a gauge factor is a ratio of the change of resistance to amplitude of strain. The conductivity of CNTs changes by their deformation and the change rate varies drastically depending on the geometric configuration of a CNT. Thus, it is very important to understand the mechanism of the change of the geometric configuration of a CNT under an applied external force for developing highly reliable CNT-based two-dimensional strain sensor. In this section, deformation characteristics of CNTs under a uni-axial strain were analyzed by molecular dynamics (MD). The simulation cell consisted of a (17,0) CNT, and its length was 100.7 Å and the number of carbon atoms was 1632. The CNT was placed in the middle of the cell because the three-dimensional periodic boundary condition was assumed in all the simulations. The basal surface area was large enough (> 100 Å×100 Å) that the interaction among CNTs in next cells can be neglected. The height of the cell was equal to the length of the CNT. The Tersoff potential of LAMMPS package was used in all the simulations (18) .
We confirmed that the Tersoff potential used in this study reproduced well mechanical properties such as Young's modulus and tensile strength of CNTs. First, the equilibrium state was analyzed under the NPT (300 K, 1 atm) conditions. In each case, the obtained structure was assumed to be under stress (strain)-free condition. Then, the height of the cell was changed at the constant velocity of 2.0 m/s for the loading analysis. In this analysis, x and y coordinates of atom set both ends were fixed during the change of volume. Analysis conditions are summarized in Table 1 . Examples of the estimated distributions of C-C bond length of the CNT at the original state and under strain are shown in Fig. 1 , and Figs. 2 and 3, respectively. Red lines in each figure show an average value of the bond length in the CNT. The bond length varied 1.41 to 1.55 Å in the CNT without strain and its average bond length was 1.47 Å. This value is consistent with the reported experimental results (19) , (20) .
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Vol.7, No.2, 2013 The bond length distribution and local deformation in the strained CNT under 10% tensile strain are shown in Fig. 2 . The bond length distribution was separated into two major parts when the value of tensile strain was 10%. One was in the range of 1.50 ± 0.4 Å and the other was 1.64 ± 0.8 Å. The ratio of these average bond length was about 1.1 in this case. The zigzag CNTs also have two separated distributions of C-C bonds in terms of the bond direction, (A) C-C bonds not parallel to the tube axis and (B) those parallel to the axis. Therefore, the estimated separation of the bond length distribution indicates that bond length of type B (parallel to the tube axis) extended larger than bond length of type A (not parallel to the axis) and consequently six-membered rings in a CNT were distorted anisotropically under uniaxial tensile strain.
In the case of the axial compressive strain, the CNT showed simple shrinkage deformation when the amplitude of the applied compressive strain was less than 3% and then, the average bond length decreased monotonically in this compressive strain region. The average bond length, however, increased when the amplitude of the applied compressive strain exceeded about −3% after buckling as shown in Fig. 3 . Figure 3 shows the distribution of the bond lengths of the CNT and examples of the cross section. The bond length change around buckling areas and that of other areas are different with each other drastically. Around the buckled area, the range of the distribution of C-C bond length was much larger than that obtained from other areas. Complicated deformation occurred not only in the change of bond lengths but also in the change of local curvature. As shown in the insets of Fig. 3 , local curvature increased along both radial and axial directions. Thus, buckling deformation of CNTs causes a very complicated strain distribution in the deformed tube caused by orbital hybridization.
The change in the average bond length of the CNT under uniaxial strain is summarized in Fig. 4 . This figure shows that the average of bond length took the minimum value under 3% compressive strain and the average of bond length was increased as both increase and decrease of the strain from 3% compressive strain. The result clearly indicates that the conductivity of CNT-based strain sensors in which CNTs are deformed by uni-axial strain should change drastically and complicatedly. Therefore, the clarification of the change mechanism of the electronic state of CNTs is very important to develop a highly reliable CNT-based strain sensor or electronic devices. 
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Analysis of the Electronic State of Deformed GNRs and CNTs
As was explained above, the ratio of the bond length in a six-membered carbon ring changes significantly when a uniaxial tensile strain is applied. In addition, the buckling deformation enhances the local anisotropic deformation of the six-membered ring. In this section, the effect of the distortion of a six-membered ring on the local electronic state of a GNR and a CNT is analyzed in order to estimate the local conductivity change of the deformed CNT caused by applying a tensile and compressive strain, respectively.
Since buckling deformation causes the complicated distortion of six-membered rings as was mentioned in the previous section, the increase of the curvature of a six-membered ring also gives rise to the change of the electronic band structure. Thus, it is important to explicate the effect of the outer plane deformation of a six-membered ring on its electronic band structure. It is estimated that the orbital hybridization, which changes the electronic state of a CNT complicatedly, may occur between the π-orbital and σ-orbital of the six-membered carbon ring under the outer plane deformation (21) - (23) . Although previous studies have revealed the effect of orbital hybridization on electronic properties of CNTs, only the effect of curvature in radial direction has been considered and the effect of strain-induced longitudinal curvature has not been studied in detail. However, as our results of the molecular dynamics simulation indicated, longitudinal curvature should increase under buckling deformation. Therefore, the DFT was applied to the analysis of the effect of local buckling of a CNT on its electronic band structure. The change of the electronic band structure of the deformed GNRs and CNTs were analyzed by using Accelrys' DFT-code DMol 3(24) , (25) , and the DFT based on the generalized gradient approximation (GGA) of PW91 (26) , (27) . The total energy was converged to within band structure of GNRs was analyzed. In this analysis, an armchair GNRs (AGNR) with width of N = 10 was unzipped from a (5, 0) CNT and all the dangling bonds were terminated by hydrogen atoms. In addition, the nearest-neighbor bond length was fixed at the initial value during the simulations in order to obtain effects of orbital hybridization, not including the effect of variation of bond length. This simulation method should be useful to understand the effect of orbital hybridization and that of bond length variation separately. Figure 5 shows an example of the change of the band gap of GNRs under the three-dimensinal strain (combination of uni-axial strain and a curvature). The radius of the initial (5,0) CNT was 1.96 Å, which corresponds to a curvature of 0.51 Å −1 . The amplitude of the applied longitudinal strain and that of the curvature were varied from −5% to 30% and from 0.00 Å to 0.45 Å, respectively. The electronic properties of the AGNR, which has a band gap of 1.1 eV in the initial state without strain, changed to metallic state at tensile strain of 10% when the longitudinal strain was applied. When the curvature was applied to the semiconducting AGNRs, the band gap of the AGNRs started to decrease drastically when the applied curvature exceeded about 0.3 Å −1 , regardless of the amplitude of the applied uni-axial strain. Figure 6 showed an example of the change of the electronic band structure of the AGNR under the applied curvature. In this example, the longitudinal strain was fixed at 0%. When the amplitude of the applied curvature was less than 0.3 Å −1 , the third and fourth lowest unoccupied molecular orbital (LUMO) energies (blue and purple) decreased with the increase of curvature, though dispersions of the first and the second LUMO energies (red and green) did not change significantly. Once the curvature reached 0.3 Å −1 , orbital hybridization started to occur, and the first and the second LUMO energies decreased drastically. This result indicates that the first and the second band energies, which are dominant on the electronic conductivity, do not change significantly when the amplitude of the applied curvature is small. They, however, decrease drastically once hybridization occurred, and it causes the decrease of band gap of the GNR. In order to discuss the effect of local buckling deformation of a CNT on its electronic band structure, the radial strain is then applied to a CNT. Because orbital hybridization occur in a CNT with smaller radius than that of (9, 0) CNT with radius 3.5 Å (21) , which corresponds to a curvature of 0.28 Å in the initial state without strain, significant effects of deformation should appear on the electronic band structures of the (9, 0) CNT when a strain is applied to the CNT. We, therefore, calculated electronic band structures of deformed (9, 0) CNTs by using DFT. An axial and radial strain were applied to the CNTs and the change of their electronic states was analyzed. During the radial strain loading, the shape of the cross section was maintained as an ellipse in this analysis. The semi-major axis of the ellipse can be written as R = (1 − R )R 0 , where R is the radial strain and R 0 is the radius of the initial CNT, 3.5 Å.
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The amplitudes of the axial and the radial strains were varied from −5% to 20% and from 0% to 30%, respectively. Figure 7 summarizes the effect of the axial strain on the electronic band gap of the CNT under the three-dimensional strain. Figure 7(a) shows that the band gap of the CNT varied drastically under the axial strain. When the radial strain was zero, the CNT has a small band gap. However, band gap increases clearly with increase of the applied tensile strain. In addition, the band gap also appears when the radial strain is applied to the CNT. The amplitude of the newly grown band gap is strong functions of both the radial and axial strains. Figure 7 (b) also summarizes the effect of the radial strain on the band gap of the (9, 0) CNT. In this figure, the axial tensile strain is fixed at 0, 3, 7, 10%, respectively. It was found that the band gap decreases monotonically with the increase of the radial strain. Even under the tensile strain, the CNT changes from semiconducting characteristic to metallic characteristic when the radial strain is about 25%. These results clearly indicate that the electronic band structure, and thus, the electronic conductivity of the deformed CNT varies drastically and complicatedly depending on the three-dimensional strain filled in it. Next issue to be solved is to make clear the change of the resistance of the deformed CNT quantitatively based on the estimated distribution of the local electronic band structure in the deformed CNT.
Conclusions
In this study, the change of the atomic configuration of a six-membered carbon ring in CNTs and GNRs under deformation and its effect on their electronic band structure were analyzed. It was confirmed that the conductivity change occurs due to the anisotropic distortion of a six-membered carbon ring. Thus, deformation characteristics of CNTs under various strains were analyzed. It was found that the fluctuation of the atomic bond length between the adjacent carbon atoms in the six-membered ring is the one of the dominant structural parameters which change their electronic band structure. In addition, the change of the curvature (outer plane deformation) of the six-membered ring causes the drastic change of the electronic band structures. In some cases, a metallic GNR or CNT changes to a semiconducting one and vice versa. Such an anisotropic deformation occurs in a CNT under buckling deformation. The bond length distribution in the buckled CNT changes drastically and complicatedly, and thus, its electronic band structure varies significantly. These analytical results clearly indicate the possibility of the development of a highly sensitive strain sensor using a CNT or a new CNT-based sensor.
